Although iron has been known to be indispensable for the formation of chlorophyll (11) , the mechanism for the iron requirement has not been identified at the level of a chemical or enzymic reaction. We report here experiments on the possible involvement of iron in porphyrin metabolism.
Pappenheimer (16) found that porphyrins were produced by iron-deficient Corynebacterium diphtheriae. Similarly, porphyrins accumulate in irondeficient photosynthetic bacteria and the synthesis of bacteriochlorophyll is inhibited (15) . In all cases of porphyrin formation with iron deficiency, coproporphyrin was the main porphyrin formed.
Townsley and Neilands (20) found that lysed low-iron cells failed to metabolize COPROgen4, while addition of iron to these lysates caused disappearance of COPROgen. They suggested a possible site of iron action in the conversion of COPROgen to PROTO. Sano and Granick (18) have found that COPROgen oxidase of beef liver mitochondria was inhibited by o-phenanthroline and 2,2'-dipyridyl, but not by cyanide ion. The findings of Lascelles (15) are especially pertinent to the problem. Lascelles found that iron-deficient cultures of Rhodopseudonionas spheroides grown under conditions which stimulate chlorophyll synthesis formed predominantly 1 Received May 4, 1964. 2 Parts of this study are from the doctoral thesis of E. F. Karali (now Carell); investigation supported in part by a grant from the National Science Foundation to Dr. W. R. Robbins; completion of the study was made possible through the courtesy of Dr. J. S. Kahn; journal series paper of the New Jersey Agricultural Experiment Station, Plant Biology Department, Rutgers, The State University, New Brunswick, New Jersey. 3 Present address: Botany and Bacteriology Department, North Carolina State of the University of North Carolina at Raleigh, North Carolina. 4 Abbreviations and terminology used are: COPRO, coproporphyrin;
COPROgen, coproporphyrinogen; COPROgen oxidase, the enzyme that converts COPROgen to PROTO; PROTO, protoporphyrin; PBG, porphobilinogen; PBGD, the enzyme system responsible for the disappearance of PBG (porphobilinogen deaminase); URO, uroporphyrin.
COPRO III, but little or no PROTO, heme or bacteriochlorophyll. Addition of iron almost completely prevented the accumulation of COPRO and at the same time increased the amount of heme and bacteriochlorophyll. With 6-aminolevulinic acid as substrate for the cell suspension instead of glycine and succinate, the addition of iron does not suppress porphyrin synthesis, but it does influence the composition of the mixture of porphyrin formed; although COPRO remains the predominant component, considerable amounts of PROTO are also formed (15) .
On the basis of COPRO accumulation in iron deficiency and the promotion of PROTO formation by iron, Lascelles (15) suggested that iron might participate catalytically in the oxidative decarboxylation of the propionic acid side chains of COPROgen III to the vinyl side chain of PROTO.
The aim of the studies reported here was to test the COPROgen hypothesis, that the requirement of iron in chlorophyll synthesis is due to a requirement for iron in the conversion of COPROgen to PROTO.
We found earlier (17) that the rate of chlorophyll formation in Euglena is linearly dependent on the iron content of the cells. We reasoned that the ironsensitive reaction limiting chlorophyll synthesis should show the same dependency on cell iron content. We have tested several reactions of porphyrin metabolism for such a dependency.
Brief reports of this work have appeared elsewhere (13, 14) .
Materials and Methods
The organism used was Euglena gracilis (Klebs), Z strain (Hutner). Growth conditions, illumination, harvesting, purification procedures, and methods of iron and protein estimation were as described previously (17) . The growth medium contained either 3.5 X 10-5 M iron (complete), 10 M iron (low iron), or no added iron.
A brief description of the test system (17) The dried porphyrins were then dissolved in a minimum volume of 0.5 N ammonium hydroxide and stored below 00 in the dark for separation and measurement.
The combined porphyrins were separated by the paper chromatographic method of Eriksen (5) . Markers of URO, COPRO and PROTO were applied to every paper. The porphyrins were marked under a UV lamp and identified by comparison with the markers, by their RF and by their absorption maxima (6, 3, 10 3) . The rates of chlorophyll formation were included for comparison. Clearly none of the activities paralleled chlorophyll synthesis.
We recognized that the comparison of chlorophyll formation and enzymic activities was somewhat inexact, since chlorophyll formation was measured in cells strongly illuminated for several hours whereas the measurements of the enzyme activities of porphyrin metabolism were performed at what would correspond to zero time in the chlorophyll formation assay. We therefore repeated the tests with cells which had been shaken under 800 ft-c for 6 hours before being frozen and thawed. In this experiment porphyrin formation was determined by the method of differential extraction. The results (fig 4) were essentially the same as with cells that had not been induced to form chlorophyll.
The data were contrary to the expectations from the COPROgen hypothesis. We concluded therefore that iron does not limit chlorophyll production in Euglena via a role in the transformation of COPROgen to PROTO. But the data were also contrary to experience with nearly a score of other microorganisms. We faced the disturbing possibility that conclusions about iron metabolism in Euglena might not be generalized to other organisms. Close examination of the literature for which data was available showed that the iron lesion between COPRO and PROTO appeared only in microorganisms made so deficient in iron that growth was impaired. For the tests of the COPROgen hypothesis we had specifically avoided growth-limiting iron deficiencies in order to avoid secondary effects. We therefore tested the possibility that Euglena would behave like other microorganisms in extreme iron deficiency.
Cells were grown to plateau stage with either no added iron (approx 5 X 10-8 M of residual iron) or 2 X 10-5 M added iron (complete medium). The cells were harvested, frozen and thawed, and incubated with PBG in the usual way. The results ( fig 5) showed substantially decreased production of PROTO and an enhanced accumulation of COPRO relative to the controls in the severely deficient cells. Moreover the relative increase in COPRO formation is enhanced with time over the course of the incubation (table II) . 
Discussion
The COPROgen hypothesis, that the COPROgento-PROTO reaction is the site of action of iron in chlorophyll formation, has been considered in one form or another by several writers (15) . We have tested a deduction from the hypothesis, that with increasing cellular iron concentrations over the range where iron limits chlorophyll formation, the rates of chlorophyll formation should increase at the same pace as increases in the rate of the COPROgen-to-PROTO reaction.
If this expectation had been realized, the data would have comprised evidence in support of the hypothesis. Since the expectation was not realized, we must inquire whether the evidence requires that the hypothesis be rejected.
The validity of the physiological test system was established previously (17) The site of the iron lesion in chlorophyll deficiency remains unidentified. The suggestions of a feedback mechanism are attractive but unproved (9, 2) .
A few other plant enzyme systems capable of transforming b-aminolevulinate and PBG into porphyrins have been described (10) .
Note added in proof: we have unaccountably neglected to note the excellent work of H. V. Marsh, H. J. Evans, and G. Matrone (Plant Physiol. 38: 638, 1963), in which they found normal rates of 8-aminolevulinate metabolism in iron deficient cow peas.
Summary
We have tested the hypothesis that the requirement of iron in chlorophyll synthesis is due to a requirement for iron in the conversion of coproporphyrinogen (COPROgen) to protoporphyrin (PROTO) .
The rate of synthesis of chlorophyll in Euglena gracilis can be made linearly dependent on the iron content of the cells. Over that part of the range of iron contents where growth is not limited, the activities of several enzyme systems presumably required for porphyrin formation are also independent of iron. These include b-aminolevulinate dehydratase, porphobilinogen deaminase, and the enzymatic synthesis of COPRO and PROTO from porphobilinogen.
Only at extreme iron deficiency where growth is limited did we observe accumulation of COPRO and decreased rates of PROTO formation.
We conclude that while iron may be required for the conversion of COPROgen to PROTO in Euglena as it is in many other organisms, this requirement has nothing to do with the iron requirement in chlorophyll synthesis. We conclude that the COPROgen hypothesis seems not to be correct. The time courses of 02 exchange induced in Ulva by monochromatic light flashes lasting 1 second or less is reported here for a variety of conditions. The resulting 02 exchange may be entirely positive corresponding to 02 evolution, entirely negative due to 02 uptake, or a complex mixture of both effects.
Following up studies on the nature of the pressureinsensitive initial 02 outburst, Vidaver (12) has found Ulva lobata (sea lettuce) to show a particularly strong initial 02 uptake, negative spike, from flashes of appropriate wavelength, intensity and duration.
The 02 uptake in Ulva may be so large as to completely obscure photosynthetic 02 evolution. The 02 uptake is presumably caused by the formation of a rapidly oxidizable photoproduct by the long wavelength chlorophyll a (system I) as previously de- scribed by French and Fork (6, 7). They observed 02 uptake transients in Porphlyridiumi. There was an 'Received Mfay 11, 1964. 02 uptake lasting several minutes after turning off the light. This uptake was partially obscured by what we consider to be delayed 02 release in the dark. Furthermore, 02 uptake was seen also as a small but initial negative spike. In the present experiments the initial negative spikes are larger than in Porphyridiurn.
Variations in wavelength, intensity, flash duration, and dark time between flashes were studied. The time course of gas exchange induced by these flashes is complex. The following recognizable components of the time course may overlap each other but their individual contributions to the curves is clear. The events start with a rapid 02 evolution followed by an 02 uptake which is nearly as fast. Either of these initial events may completely or partially obscure the other. After these positive or negative spikes there is a slow and complex return to the previous rate of dark respiration which lasts for 1 or 2 minutes. After an 02 uptake spike there is an overshoot which 
